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Background: Our previous studies have revealed that bluegill Lepomis macrochirus Rafinesque in Lake Biwa exhibit
spatial variations in growth, maturation, and reproduction. The topographical characteristics of Lake Biwa produce a
wide range of thermal conditions, which seem to be responsible for those findings. Despite its small size, Lake
Yogo is characterized by diverse thermal conditions owing to the presence of a small, shallow pool in the northern
part of the lake and the inflow of water from Lake Biwa into the southern part of the lake. Whether bluegill in such
a small lake also exhibit spatially varying physiological activity remains uncertain.
Results: The maturation status of female bluegill in Lake Yogo was investigated from late April to early June 2011 and
in late May 2012. The gonadosomatic index (GSI) of the fish in the pool significantly exceeded those in the main lake in
late April and mid-May 2011 before the onset of spawning. The spawning of bluegill had probably already begun by
late May 2012, and the fish in the pool and along the northwestern edge of the lake had smaller GSIs than did the fish
in the southern part of the lake. The relationship between oocyte diameter and GSI could be described by a saturation
function. The plot of GSI/oocyte diameter vs. GSI did not vary significantly among the sites.
Conclusions: The maturation status of bluegill varied among sites in Lake Yogo, likely to be due to the diverse thermal
conditions of the lake. Higher temperatures in the pool during the prespawning season favored the rapid maturation
of ovaries of the fish therein. The inflowing colder water from Lake Biwa seemed to be responsible for delayed ovary
maturation and, thereby, the delay in the spawning season of bluegill in the southern part of the lake.
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The bluegill Lepomis macrochirus Rafinesque is a com-
mon freshwater fish in Japan, inhabiting lentic water bod-
ies such as lakes, ponds, and the lower reaches of rivers
(Nakai 2002). They gradually spread following their intro-
duction from the USA in 1960, until they were present
throughout the country as of 2006 (Yonekura et al. 2007).
The high adaptability of bluegill may be associated with
their life-history strategies (Gross and MacMillan 1981;
Gross 1982; Nakao et al. 2006), and also their physiological
flexibility. Our previous studies in Lake Biwa, the largest
lake in Japan with a surface area of 670 km2, have revealed
that patterns of growth, maturation, and reproduction of* Correspondence: yyama@rcec.sinica.edu.tw
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reproduction in any medium, provided the origbluegill tend to vary with latitude (Yamamoto et al. 2010,
2011; Yamamoto and Kao 2012; Yamamoto and Shiah
2012). Lake Biwa consists of a deep northern main basin
and a shallow southern sub-basin. These topographical
characteristics cause the lake water to warm up and cool
down from the south, such that the thermal environment
of the lake somewhat depends on latitude despite its small
size on a global scale (Yamamoto and Kao 2012). Given
the critical importance of temperature in regulating the
growth and reproduction of bluegill (Nakamura et al.
1969; Lemke 1977), temperature appears to be responsible
for those findings.
Lake Yogo is a small lake (surface area = 1.7 km2, max-
imum depth = 13.3 m) located 1.3 km north of Lake Biwa.
Although originally a closed system, this lake has been
serving as a water storage dam for over 3 decades, the
water level of which is controlled by the inflow from ther. This is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
inal work is properly cited.
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the Yogo River (Tsujimura 2004, see Figure 1). Since the
inflowing water from Lake Biwa is colder than the Lake
Yogo water in early summer (Tsukada et al. 2006), the
inflowing water appears to contribute to cooling Lake
Yogo, at least in its narrow southern area. In addition, an
underwater dike at the northern edge of the lake was
constructed in 1978 to prevent a buried forest (Horie et al.
1975) from drying out when the water level of the lake
drops due to discharge of the lake water. The small area of
water on the north side of the dike (surface area = 0.002
km2; hereafter referred to as the ‘pool’) has a maximum
depth of less than 1 m and so is assumed to warm up
more rapidly than the main lake from spring to summer.
The presence of bluegill in Lake Yogo has been known
since the late 1980s (Lake Yogo Fishery Cooperative Asso-
ciation, personal communication), whereas exactly when
the bluegill began to inhabit the lake is uncertain, because
they were not officially introduced into the lake. The
population of bluegill in Lake Yogo appears to have dra-
matically increased in recent years as large schools of blue-
gill, which were never observed in the early 2000s (H.
Tsukada, personal communication), can now be observed
in the littoral zone throughout the lake.
In a large water body, bluegill may exhibit spatial vari-
ation in physiological activity as a consequence ofFigure 1 Map of Lake Yogo showing the sampling sites.adaptation to local environments. In Lake Biwa, the vari-
ation in thermal conditions is assumed to be largely re-
sponsible for the spatial variations in the maturation and
growth of bluegill; however, not only temperature but also
other biotic and abiotic factors may also greatly vary
within the lake, making it difficult to definitively attribute
spatial variation in the physiological activity of bluegill to
local thermal conditions. In contrast, if a bluegill popula-
tion in a small water body with diverse thermal environ-
ments is demonstrated to exhibit a predictable spatial
variation in physiological activity, then such a finding
would be strong evidence of the temperature-dependent
adaptive response of bluegill.
The propagation of bluegill in Lake Yogo provides a
valuable opportunity to investigate whether diverse ther-
mal environments in a small lake can cause the bluegill to
exhibit spatial variation in the physiological activity. The
temperature in the littoral zone of Lake Yogo from spring
to summer would be highest in the shallow pool and low-
est at the southern edge where colder water flows in from
Lake Biwa. Therefore, if the maturation of bluegill is
strongly affected by temperature, then the fish in the pool
are expected to have gonads that are more mature than
those in the main lake during the prespawning season.
Fish that mature earlier would spawn earlier, so the gonads
of early spawning fish would be smaller than those of fish
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quently, the fish at the southern edge of the lake are
expected to have larger gonads than those at other sites
following the onset of spawning. To examine this hypoth-
esis, reproductive measures of bluegill females, such as the
gonadosomatic index (GSI) and oocyte size, were com-
pared among three sites in the lake.
Methods
The bluegill were collected by hook and line at three sites
in Lake Yogo: site Y-1 on the northwest edge of the lake,
site Y-2 in the pool, and site Y-3 on the southern edge of
the lake within 100 m of the gate through which water
flows in from Lake Biwa (Figure 1). The bluegill usually
begin to spawn when the ambient temperature reaches ap-
proximately 20°C, and they continue spawning for 2 to 3
months (Nakamura et al. 1969; Nakao et al. 2006). The
temperature of the surface layer of Lake Yogo usually
reaches 20°C in May (Tsujimura 2004; Tsukada et al. 2006).
Therefore, to collect fish samples during the prespawning
season or early in the spawning season, sampling was
conducted on 30 April, 13 May, and 1 June in 2011 and on
31 May in 2012. No samples were collected at site Y-3 in
2011 because of a lack of continuous pumping of water
from Lake Biwa in April and May. The surface water
temperature at each site was measured using a stick therm-
ometer at around noon. Captured fish were immediately
euthanized with an overdose of ethyl 3-aminobenzoate
methanesulfonate salt (MS-222). Collection of fish and ex-
perimentation adopted in the study comply with the re-
quirements of the guidelines for the use of fishes in
research decided by the Ichthyological Society of Japan.
The standard lengths (SL) of specimens were measured
to the nearest 0.01 mm with a CD-8 “CSX digital caliper
(Mitsutoyo, Kanagawa, Japan) and body weights were
measured to the nearest 0.1 g with an MP-1000 portable
digital scale (Ashiba, Taipei, Taiwan). Bluegill males have
alternative reproductive pathways termed “parental” and
“cuckolder” that are associated with different testis sizes
(Gross 1982), and social interactions strongly affect the
maturation of parental males (Jennings et al. 1997; Aday
et al. 2003), complicating the analysis of the relationship
between temperature and testis maturation. In contrast,
females lack alternative reproductive pathways, so matur-
ation of their ovaries is more directly controlled by
temperature. Therefore, in this study, only females were
used in the analyses. Ovaries were isolated and weighed to
the nearest 0.002 g using a 1210 N portable digital scale
(Tanita, Tokyo, Japan). The maturation status of each spe-
cimen was evaluated based on the GSI, which was calcu-
lated as ovary weight/body weight × 100.
Oocyte maturation was examined using specimens col-
lected in 2012. Oocytes were sampled from the midsec-
tion of ovaries using a plastic spoon and then preservedin vials filled with 5% Lugol's solution. Oocytes were ob-
served under an inverted microscope (Axio Observer A1,
Carl Zeiss, Göttingen, Germany) at ×50 magnification. Im-
ages of at least 10 oocytes of the largest class were captured
using a digital CCD camera (AxioCam MRm, Carl Zeiss),
and their diameters were measured using the AxioVision
4.7 software (Carl Zeiss). Diameters of elliptical oocytes
were expressed as the geometric means of the lengths of
the major and minor axes. Diameters of the three largest
oocytes were averaged to represent the oocyte diameter of
each specimen. An oocyte with a diameter of ≥0.85 mm
was considered to be mature (Banner and Hyatt 1975).
The GSI was expressed as a function of SL. Variation in
GSI among sites was assessed by performing the analysis
of covariance (ANCOVA) on the SL. However, the analysis
of variance (ANOVA) or a two-tailed t test was performed
to assess the variation in the GSI among sites when at
least one group failed to exhibit a significant correlation
between the GSI and SL. To evaluate the relationship be-
tween the GSI and oocyte size, a plot of GSI vs. GSI/oo-
cyte diameter was undertaken, and the difference in this
relationship was assessed by ANCOVA. The level of statis-
tical significance was set at p < 0.05.
Results and discussion
Results
In 2011, no water was pumped from Lake Biwa until 1
July, except on 2 May (data not shown). Pumping in 2012
began on 10 May. Then, following a lack of pumping on
16 to 19 May, continuous pumping was resumed from 20
May (0.38 to 2.20 × 105 m3/day). Difference in the surface
water temperatures was small among the sites (Table 1).
The temperature at site Y-2 exceeded that at site Y-1 ex-
cept on 1 June 2011. The temperature at site Y-3 was the
lowest among the three sites in 2012.
A total of 214 female specimens were collected in this
study. Their SLs and GSIs are shown in Table 1. On aver-
age, the specimens collected in 2011 were larger than
those in 2012. The GSI increased from late April to early
June 2011. The mean GSI of the fish collected in late May
2012 was highest at site Y-3.
Figure 2 shows the relationship between the GSI and SL
of bluegill. The GSI of the female bluegill collected in
2011 correlated closely with the SL, except for the speci-
mens at site Y-1 in late April (late April, site Y-1, r = 0.17,
p = 0.41, site Y-2, r = 0.45, p < 0.05; mid-May, site Y-1, r =
0.46, p < 0.01, site Y-2, r = 0.72, p < 0.001; early June, site
Y-1, r = 0.67, p < 0.01, site Y-2, r = 0.65, p < 0.001). The
GSIs of the fish at site Y-2 significantly exceeded those of
the fish at site Y-1 in late April (two-tailed t test, t = 2.81,
df = 45, p < 0.01) and mid-May (ANCOVA, slope: F1,64 =
4.72, p < 0.05; intercept: F1,65 = 4.63, p < 0.05), whereas
the GSIs did not significantly differ between these sites in
early June (ANCOVA, slope: F1,43 = 0.90, p = 0.35;
Table 1 Water temperature, standard length (SL), and
gonadosomatic index (GSI) of female specimens (data are
presented as mean ± SE)
Date Site Temperature (°C) n SL (mm) GSI
30 April 2011 Y-1 12.7 25 108.69 ± 2.00 1.83 ± 0.08
Y-2 13.0 22 117.43 ± 2.23 2.26 ± 0.14
13 May 2011 Y-1 18.0 38 107.22 ± 2.06 2.90 ± 0.18
Y-2 18.8 30 108.33 ± 2.92 3.54 ± 0.33
1 June 2011 Y-1 18.2 20 110.36 ± 4.11 6.93 ± 0.86
Y-2 18.0 27 109.03 ± 2.56 5.74 ± 0.77
31 May 2012 Y-1 22.5 16 93.41 ± 4.75 4.54 ± 0.60
Y-2 23.8 17 99.43 ± 5.26 4.07 ± 0.58
Y-3 21.0 19 107.49 ± 6.39 7.46 ± 0.87
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lected at site Y-3 exhibited GSIs in excess of 10. Although
specimens with an SL of greater than 100 mm at site Y-3
tended to have greater GSIs than specimens at sites Y-1
and Y-2, the ranges of GSIs of the smaller specimens at
each site greatly overlapped. No significant correlation be-
tween the GSI and SL was detected (site Y-1, r = 0.017, p =
0.95; site Y-2, r = -0.010, p = 0.97; site Y-3, r = 0.40, p =
0.09). The GSIs significantly varied among the sites
(ANOVA, F2,49 = 6.80, p < 0.01).
Larger fish had insignificantly larger oocytes (site Y-1, r =
0.20, p = 0.45; site Y-2, r = 0.38, p = 0.13; site Y-3, r = 0.38,
p = 0.10) (Figure 3A). The relationship between oocyte
diameter and the GSI could be described by a saturation
function, as a plot of the GSI/oocyte diameter against the
GSI yielded significant linear correlations (site Y-1, r =
0.98, p < 0.001; site Y-2, r = 0.97, p < 0.001; site Y-3, r =
0.96, p < 0.001) (Figure 3B,C). No significant difference in
this plot was detected among the sites (slope: F2,46 = 1.12,
p = 0.33; intercept: F2,48 = 0.83, p = 0.44). Percentages of
females with mature oocytes were 18.8% at site Y-1, 11.8%
at site Y-2, and 57.9% at site Y-3.
Discussion
This study demonstrates that the GSIs of bluegill vary
among sites in Lake Yogo. Available data on water tem-
peratures in Lake Yogo are limited, but we found the
temperature in the littoral zone of the lake from
prespawning through the spawning season of the blue-
gill to be highest in the shallow pool (site Y-2) and low-
est at the southernmost point where colder water flows
in from Lake Biwa (site Y-3), as confirmed by the mea-
surements recorded on the sampling days. Yamamoto
and Shiah (2013) showed that the bluegill in lagoons of
Lake Biwa had larger ovaries than those in the main lake
during the prespawning season, and they assumed that
shallow lagoons warm up faster than the main lake, pro-
moting ovary maturation. Likewise, the pool of LakeYogo warms up faster than the main lake, potentially fa-
voring rapid ovary maturation of the bluegill. The
greater GSIs of bluegill at site Y-2 than those at site Y-1
in late April and mid-May 2011 could therefore likely
be attributed to the higher temperature of the pool. In
contrast, the fish at site Y-3 exhibited greater GSIs than
those at sites Y-1 and Y-2 in late May 2012. This result
may have arisen from the fact that fish samples were
collected during the spawning season, but the spawning
of bluegill at site Y-3 was not as advanced as that at sites
Y-1 and Y-2. Overall, the results of this study were con-
sistent with our prediction, supporting the critical im-
portance of local thermal conditions in causing spatial
variation in the maturation of bluegill in Lake Yogo.
Given the small variation in temperature among sites,
the maturation of the bluegill appears to be quite sensi-
tive to ambient thermal conditions.
The GSI of fish normally increases during the pre-
spawning season and peaks just prior to spawning (Mann
1980; Fox and Crivelli 1998). In 2011, the GSI of bluegill in-
creased from late April until early June, suggesting that the
bluegill likely had not yet spawned in late April and mid-
May, despite the fact that the water temperatures measured
in mid-May were close to the threshold (ca. 20°C) for the
spawning of bluegill (Nakamura et al. 1969; Nakao et al.
2006). Some fish in early June 2011 exhibited high GSIs
that were comparable to the highest GSIs of bluegill in the
northern basin of Lake Biwa (Yamamoto and Shiah 2012);
such fish might have been ready to spawn. In contrast,
whether relatively large fish with low GSIs were in the
midst of ovary maturation or had already begun spawning
remains uncertain.
Water temperatures measured in late May 2012
exceeded the threshold for bluegill spawning; hence, the
bluegill in the lake appeared to have already begun
spawning when the sampling was carried out. Indeed,
the fact that the GSIs of fish at sites Y-1 and Y-2 in late
May 2012 were considerably lower than those in early
June 2011 demonstrates that the spawning of bluegill
had already begun when fish samples were collected.
The greater GSIs of the fish at site Y-3 than those at sites
Y-1 and Y-2 suggest that the bluegill at site Y-3 were re-
productively more active than those at sites Y-1 and Y-2.
The assumption that the spawning of bluegill at site Y-3
was not as advanced as that at sites Y-1 and Y-2 due to
lower temperature explains why many fish at site Y-3
exhibited high GSIs and had mature oocytes.
Relatively small fish, of which only a few were captured
in 2011, made up a significant portion of the specimens in
2012, and some of them exhibited high GSIs including
those with mature oocytes. This result also suggests that
the survey in 2012 was conducted during the spawning
season of the bluegill. Larger individuals of many fish spe-
cies are known to spawn before smaller ones (Miranda
Figure 2 Relationship between gonadosomatic index (GSI) and
standard length of bluegill. Fish samples were collected on 30
April 2011 (A), 13 May 2011 (B), 1 June 2011 (C), and 31 May 2012
(D) at sites Y-1 (closed circles), Y-2 (open circles), and Y-3 (closed
triangles). No sample was collected from site Y-3 in 2011.
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Vredenburg 1996; Slotte et al. 2000; Vandeperre and
Methven 2007). A similar size-dependent spawning time
is true for bluegill (Cargnelli and Neff 2006); thus, the ma-
jority of large mature fish appeared to have had finished
spawning at sites Y-1 and Y-2 and moved to the deeper
offshore zone (Gross and MacMillan 1981), whereas
spawning at site Y-3 was likely to have been in the early
stage, and hence, large fish still remained close to the
breeding colonies, explaining the absence of large females
with mature oocytes at sites Y-1 and Y-2 and the presence
of many large mature females at site Y-3 in late May 2012.
The GSI and largest oocyte size have been used as sim-
ple indicators of the maturation of fish (West 1990). The
absence of a significant spatial difference in the GSI-
oocyte size relationship implies that the bluegill in Lake
Yogo exert a definite reproductive effort regardless of site.
Therefore, the spatial variation in the length-GSI relation-
ship appears to be accounted for by the difference in the
maturation status, rather than by the difference in the in-
vestment in reproduction. If the investment in re-
production of bluegill is consistent within Lake Yogo, then
the ovary sizes of fish would eventually be almost the same
at all sites, as partially verified by the absence of a signifi-
cant difference between the GSIs of bluegill in the pool
and main lake in early June 2011. Moreover, the highest
class GSIs of bluegill at site Y-3 in late May 2012 were
comparable to those exhibited by the fish at sites Y-1 and
Y-2 in early June 2011. This finding suggests the possibility
that fish at all sites exhibited a similar length-GSI relation-
ship just prior to the onset of spawning.
The spatial variation of reproductive measures of blue-
gill in Lake Yogo may imply that bluegill utilize a rela-
tively narrow habitat during the reproductive season,
and are consequently impacted by thermal conditions of
each habitat. In fact, bluegill is often considered to be a
sedentary species (Fish and Savitz 1983; Bayne et al. 2002),
so assuming that they adapt to each habitat by optimizing
physiological activity reasonably explains the findings of
this study. However, the motility of bluegill may greatly
vary among water bodies. A study conducted in Pelican
Lake (332 ha) in Nebraska, USA, showed that the esti-
mated home ranges of bluegill varied 0.13 to 172 ha
(Paukert et al. 2004), suggesting that bluegill are poten-
tially more mobile than they had been considered.
Bluegill are fractional and protracted spawners, and ma-
ture individuals participate in multiple spawning bouts
over the course of a spawning season (Nakamura et al.
Figure 3 Reproductive measures of bluegill collected on 31 May 2012. Relationships between oocyte diameter and standard length (A),
between oocyte diameter and gonadosomatic index (GSI) (B), and between the GSI/oocyte diameter and GSI (C) at sites Y-1 (closed circles), Y-2
(open circles), and Y-3 (closed triangles).
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more extensive littoral zone than the southern part, and
thus is likely to have better spawning habitats for bluegill,
which normally construct nests in shallow areas (Gross
1982; Nakao et al. 2006). In addition, the pelagic zone
serves as an important foraging habitat for bluegill
(Mittelbach 1981; Werner and Hall 1988), and such habi-
tats appear to be more common in the southern part of
the lake. Therefore, if Lake Yogo is sufficiently small for
bluegill to travel across it, it may be possible that they
mainly spawn in the northern part of the lake, then move
toward the south to feed and improve their conditions
prior to returning to the north to spawn (see Gross and
MacMillan 1981). The possibility that the spatial variation
in reproductive measures of bluegill in Lake Yogo is due
to the separation of habitats for spawning and foraging
cannot be ruled out. The spawning season and the migra-
tory behavior of bluegill in Lake Yogo warrant further
investigation.
Conclusions
Bluegill in Lake Yogo exhibited spatially varying matur-
ation status. Higher temperatures in the pool favored the
rapid ovary maturation of the fish therein. In contrast,
the inflowing colder water from Lake Biwa seemed to be
responsible for the delay in the ovary maturation of the
fish in the southern part of the lake. However, the possi-
bility that bluegill travel across the lake and utilize the
northern shallow part for spawning and the southern
deep part for foraging cannot be ruled out.
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